Background--Chronic Chagas cardiomyopathy in humans is characterized by segmental left ventricular wall motion abnormalities (WMA), mainly in the early stages of disease. This study aimed at investigating the detection of WMA and its correlation with the underlying histopathological changes in a chronic Chagas cardiomyopathy model in hamsters.
C
hronic Chagas cardiomyopathy (CCC) is a significant cause of morbidity and mortality in Central and South America, with estimates of about 8 to 10 million infected people and 25 million people at risk. 1 Moreover, migratory currents have caused the spread of the disease, with thousands of infected people identified in the United States 2 and Europe. [3] [4] [5] Despite its relevance, several clinical and pathophysiological aspects of CCC progression remain unknown, mainly due to the lack of long-term clinical cohort studies. The main aspect preventing the execution of these studies is the very long time period, about 3 decades, usually elapsing between the initial asymptomatic acute phase and the late chronic phase in which myocardial dysfunction and a dilated cardiomyopathy pattern become manifest. 6 Considering this scenario, appropriate animal models of CCC may constitute a relevant tool to investigate the mechanisms leading to chronic myocardial damage in this disease. [7] [8] [9] An experimental model of chronic Trypanosoma cruzi infection in Syrian hamsters has been described, which mimics human CCC in many aspects, 10, 11 including progressive left ventricular (LV) systolic dysfunction and dilation starting about 4 months after T. cruzi inoculation.
Segmental LV wall motion abnormalities (WMA) are a conspicuous finding in human CCC. 14 In fact, several clinical studies have shown that LV regional WMA in the posterolateral and apical segments are very common and represent early findings in CCC, preceding the global LV dysfunction and dilation. 15, 16 Although the prognostic meaning of these early abnormalities has not been defined, a retrospective study, comparing echocardiographic data from 2 examinations separated by an average of 5 years, suggested that early regional LV wall motion impairment was associated with more severe LV dysfunction at later stages. 17 The WMA in CCC have been classically interpreted as related to areas of regional fibrosis, even though no previous study has demonstrated this histopathological correlation. Also, no study addressed the investigation of regional LV systolic dysfunction in experimental models of CCC in hamsters.
The detection of LV regional dysfunction in animal studies could provide an opportunity to investigate the nature of histopathological changes underlying regional LV dysfunction in CCC, thus contributing to the understanding of the disease pathogenesis.
The objective of the present study was to investigate the presence of regional LV wall motion disturbances in a model of CCC in the Syrian hamster using high-resolution echocardiographic imaging, and to analyze the histopathological changes topographically related to these abnormalities. Additionally, we also intended to correlate quantitatively global LV dysfunction with the quantitative assessment of inflammation and fibrosis.
Materials and Methods

Experimental Animals
Twelve-week-old female hamsters (Mesocricetus auratus) used for the experiments were obtained from Anilab (Animais de Laborat orio Criac ßão e Com ercio Ltda, Paul ınia/SP, Brasil). The animals were kept in a climatically controlled environment, with free access to water and standard chow and under a 12-hour light/dark cycle.
Sixty animals were inoculated intraperitoneally with 3.5910 4 (n=30) to 10 5 (n=30) blood trypomastigote forms of T. cruzi, Y strain. A control group of 8 animals received a saline inoculum of equal volume administered through the same route as used in the animals infected with T. cruzi. The animals were submitted to all procedures under anesthesia with pentobarbital sodium (50 mg/kg) in order to avoid stress and pain. The study was approved by the Research Committee on Animal Experimentation of the Medical School of Ribeirão Preto of the University of São Paulo (protocol no. 034/2011).
General Study Design
After experimental infection with T. cruzi, the animals were observed in order to confirm infection by direct detection and count of circulating parasites and animal survival. The animals were followed for 6 (n=28) and 10 months (n=6) after infection and the survivors were submitted to the imaging studies. These time points after infection, as well as the number of T. cruzi inoculated, were chosen in order to obtain animals in the chronic phase of the disease exhibiting various degrees of ventricular dysfunction according to the observations reported by Bilate et al. 12 At the end of the study period, the animals were submitted to echocardiography followed by euthanasia and heart collection for histological analysis.
Echocardiogram
After sedation with an intraperitoneal injection of pentobarbital sodium (50 mg/kg), the anterior region of the animals' chest was depilated using a human commercial depilatory cream. The animals were positioned in left lateral decubitus under spontaneous ventilation and a Doppler ECG was obtained with a high-resolution Philips HD11XE 2-dimensional echocardiography system (Best, DA, Netherlands) equipped with a linear 15 MHz transducer. The parasternal window was used to obtain long-and short-axis LV images, the latter at the basal and middle (papillary) level. Different from clinical studies, in which the apical wall motion is assessed by using an apical view, in this study the apical region was evaluated in the long-axis parasternal view. Mmode images were obtained at the papillary level to measure the thickness of the interventricular septum and of the posterior LV wall and to determine the systolic and diastolic chamber dimensions. The images obtained were recorded for offline data analysis at the end of the study. The images were obtained and analyzed by an observer who was experienced in obtaining and analyzing small-animal echocardiography, and who was blinded to the animal study group. The LV dimensions acquired in M-mode (short-axis images) during diastole and systole were used to determine the ejection fraction (EF) by the method of Teichholz.
Each measurement represented the mean of at least 5 consecutive cardiac cycles in the same projection, transducer position, and angulation and on the same frame of the frozen image.
LV systolic segmental wall motion was analyzed using a 13-segment model 18 in which the apex is evaluated on a longaxis image starting from the parasternal projection. A parasternal projection of the long axis and 2 short-axis section levels (basal and midventricular) of the LV were used for segmentation ( Figure 1A ). Segmental wall motion was graded visually on each segment as 1=normal, 2=hypokinetic, and 3=akinetic/dyskinetic. The global segmental wall motion score was determined as the sum of the indices for each segment divided by the total number of segments.
Histopathology Methods
Under anesthesia with pentobarbital sodium (50 mg/kg), the animals were euthanized by opening of the chest, with the heart being rapidly excised and washed with PBS. Heart tissue samples were fixed in 10% formaldehyde for 24 hours and then transferred to 70% alcohol. The samples were progressively dehydrated, embedded in paraffin, cut, and stained with hematoxylin-eosin and picrosirius red for the quantitation of inflammation and fibrosis, respectively. Histopathological analysis was carried out on sections obtained at 3 levels of the heart (basal, midventricular, and apical). The sampling regions were chosen according to the same myocardial segmentation of the LV wall as used in the analyses of the in vivo echocardiography images in order to permit a topographic correlation between echocardiography and histology findings.
Histology Analysis
The slices were scanned with a digital image analysis system consisting of a digital scanner (Scanscope CS System; Aperio Technologies. Inc, Vista, CA) equipped with an Olympus UPlanSApo 920 objective. The digitized images were analyzed with the Aperio ImageScope View Software (Aperio Technologies). Hematoxylin-eosin staining was used for descriptive qualitative analysis of the extent of tissue injury by an experienced pathologist who was blind to the group to which the animal belonged. Mononucleated cells with nucleus area of 10 to 50 lm 2 were identified and counted for quantitative analysis of inflammation using hematoxylin-eosin staining, thus permitting the determination of the extent of inflammatory infiltrates. The extent of fibrosis per mm 2 in relation to the total area analyzed was determined in the picrosirius redstained samples.
A sampling area ranging from 1.5 to 2 mm 2 was used for each myocardial segment with the topographic correlation being maintained in regard to the same myocardial segments identified in in vivo imaging examinations ( Figure 1B ).
Statistical Analysis
Continuous variable data are reported as meanAESD and nominal variable data are reported as absolute (n) and relative (%) frequency. The normal distribution of the variables was determined by the Kolmogorov-Smirnov test. The Student t test was used to determine the difference between the means of 2 groups for variables with normal distribution and homogenous variance. The Mann-Whitney test was used for variables with non-normal distribution. For simultaneous comparative analysis of 3 or more groups, 1-way ANOVA with Tukey's post-test was used for variables with normal distribution and the Kruskal-Wallis test, with Dunn's posttest, for variables with non-normal distribution. Linear regression and correlation analysis was performed by using the least-squares method, including the multiple regression analysis.
All analyses were carried out with the aid of the GraphPad InStat software, version 3.05, with the level of significance for differences set at 5% (P<0.05).
Results
Mortality
Overall mortality of the infected animals was 43% throughout the acute (33%) and chronic (10%) phases. Thus, a sample of 34 surviving infected animals was submitted to the echocardiography study. The animals infected with 3.5910 4 infecting forms presented a mortality rate of 33%, which was lower than the mortality rate observed in the group with 10 5 infecting forms (53%), but not reaching statistical significance. One control animal died as a consequence of anesthesia during the imaging examinations. Thus, at the end of the protocol the control group consisted of 7 animals.
Histopathological Changes-Qualitative Analysis
A qualitative analysis of histopathological data revealed multifocal myocarditis consisting of a mononuclear infiltrate, with fiber degeneration and myocytolytic lesions of varying intensity associated with a discrete increase of interstitial and perivascular fibrosis (Figure 2 ). However, there were no coalescent areas of fibrosis involving a significant extent of the LV wall. The histological changes were more intense in the animals with ventricular dysfunction and dilation compared to those with normal LVEF.
Analysis of Global Systolic Function and LV Remodeling
Echocardiographic LV assessment of control animals allowed the determination of the lower limit value for LVEF at 73%, defined by subtracting 2 SD from the mean value observed (81.9AE4.6%). No change in LV wall motion was observed in this group.
Eighteen of the 34 animals investigated (53%) showed abnormal LV function. Among them, LV dysfunction was exclusively segmental in 8 (24%), whereas global systolic dysfunction (LVEF <73%) was detected in 10 (29%). All animals with reduced LVEF showed diffuse wall motion impairment ( Figure 3) .
The mean EF of the animals with global systolic dysfunction was 48.5AE11.4% (ranging from 35.7% to 65.5%), a significantly lower value compared to control (81.9AE4.6%, P<0.0001), The animals with reduced LVEF exhibited an increased LV enddiastolic diameter (0.62AE0.14 cm) and wall motion score (1.7AE0.5, P<0.0001) compared to control animals (0.44AE0.04 cm, P=0.0003; and 1.0AE0.0, respectively; Table) .
Correlation between global LV systolic function and quantitative histological disturbances
Quantitative histopathological assessment of the animals classified according to the LV systolic function (Figure 4 ) revealed a significant difference in the number of inflammatory cells between the animals with reduced LVEF (224.8AE86 nuclei/mm 2 ) and the remaining animals (control=113.2AE
38.8; infected with preserved LVEF=107.7AE43 nuclei/mm 2 ;
P<0.0001). A significant difference in the extent of fibrosis was detected only between the control animals and the animals with reduced LVEF (4.5AE1.8; 9.5AE4.3%/mm 2 ,
P=0.04).
A moderate negative correlation between LVEF and intensity of inflammation (R=À0.63; P<0.0001) was observed in the infected animals, as well as a weak negative correlation with the extent of fibrosis (R=À0.36; P=0.036), as shown in Figure 5 . Multiple regression analysis revealed that the extent of inflammation (P=0.0007), but not the fibrosis (P=0.89), correlate in an independent manner with LVEF in the multiple regression model (R=0.63, P=0.0003).
Analysis of segmental LV systolic dysfunction
LV dysfunction was exclusively segmental in 8 of the 34 animals studied (24%). In 10 (29%) other animals diffuse WMA was associated with global systolic dysfunction. Thus, segmental parietal dysfunction involved 101 of the 234 segments analyzed (43%) in the 18 animals exhibiting this abnormality.
The apical region was the most affected myocardial region, being involved in 100% of the 18 animals with WMA and being akinetic in 8 (44%) and hypokinetic in 10 (56%). However, no typical LV apical aneurysm was identified ( Figure 6 ).
Other segments preferentially involved were the inferior segment in 8 animals (44%) and the posterolateral segment in 10 (56%), and in both regions hypokinesis occurred.
Correlation between disturbances in segmental parietal mobility and histological findings Considering the population of infected animals as a whole (n=34), histological analysis was possible in 438 of the 442 segments, since 4 segments showed artifacts during histological preparation and were excluded from the analysis.
The segments with reduced parietal mobility (n=101) showed a greater extent of fibrosis when compared to the segments with normal parietal mobility (n=337) (9.3AE5.7% and 7.0AE6.3%, respectively, P<0.0001) and a greater inten- sity of inflammation (218.0AE111.6 and 124.5AE84.8 nuclei/ mm 2 , P<0.0001) (Figure 7 ).
In addition, individual wall motion scores showed a significant negative correlation with the intensity of inflammation (r=0.53, P=0.0014), but not with myocardial fibrosis (r=0.25, P=0.16).
Cardiac changes according to the parasite loads
Regarding the initial parasite load, the animals infected with 3.5910 4 
Discussion
The main results of the present study show that, similarly to what is seen in human CCC, striking WMA despite stillpreserved global LV systolic function are detected in a substantial proportion (24%) of the animals in this experi- Journal of the American Heart Association mental model of T. cruzi chronic infection. Even more importantly, these areas of regional contractile dyssynergy were more intensely correlated with inflammatory histopathological changes than with the extent of interstitial fibrosis. In addition, the abnormalities in wall motion detected in these infected hamsters were predominant in the same regions usually showing LV regional dysfunction in humans (ie, the apical, and the basal portion of the posterior-lateral and inferior walls).
Global LV Systolic Dysfunction
In this model of chronic T. cruzi infection, during a time window of 6 to 10 months after an intraperitoneal inoculum of 3.5910 4 to 10 5 infecting forms, a significant portion of the animals (29%) showed global systolic dysfunction and dilation of the LV cavity. These results corroborate those obtained in another study also using the Echocardiogram in the same experimental model, 12 in which 28% of the animals showed ventricular dysfunction associated with dilation and diffuse hypocontractility within a time window of 8 months after infection. In addition, the present data also confirm the evolving nature of the CCC, as the degree of LV remodeling and systolic dysfunction presented a clear worsening at the time window of 10 months after infection as compared to the 6-month evaluation. 10, 12 In the present investigation, qualitative histological analysis showed multifocal myocarditis due to a mononuclear infiltrate, fiber degeneration, and myocytolytic lesions associated with a mild increase in interstitial and perivascular fibrosis, but without the formation of areas of coalescent fibrosis involving a significant extent of the ventricular wall. The histological changes were more prominent in animals with higher degrees of LV dysfunction, also in agreement with previous descriptions of the histopathological abnormalities occurring in this experimental model of CCC. 10, 12 Quantitative analysis also permitted observation of the correlation between each type of histological abnormality (inflammation or fibrosis) and the degree of global LV systolic dysfunction. Thus, the present results showed a stronger correlation between LVEF and the intensity of inflammation than with the extent of fibrosis. Multiple regression analysis revealed that only inflammation was independently correlated with LVEF when both variables were introduced in the model. Taken together, these findings indicate that inflammation may participate as a significant mechanism leading to LV systolic dysfunction during the progression of CCC. The notion that inflammation may play a central role in the pathogenesis of CCC has been supported in previous clinical studies using endomyocardial biopsy obtained from patients with various stages of the evolution of the disease, showing that the intensity of inflammation was directly associated with disease severity and that patients with heart failure had a high prevalence of active myocarditis. 19, 20 The role of inflammatory mediators such as cytokines (tumor necrosis factor-a, interferon-c, and chemokines such as CCL2/MCP1 and CXCL9/ MIG) in disease progression has been observed. These mediators have been reported to induce pathological remodeling of the heart by inducing changes in gene expression leading to pathological hypertrophy and dilation. 21 Interferonc and tumor necrosis factor-a are produced in the myocardium of chronically T. cruzi-infected hamsters. 13 CCC patients display abundant myocardial production of tumor necrosis factor-a, interferon-c, CCL2/MCP1, and CXCL9/ MIG.
21-24
Regional LV Systolic Dysfunction
With this CCC model we detected LV regional wall motion abnormalities as a distinct evidence of chronic myocardial involvement in a significant proportion (24%) of chronically T. cruzi-infected animals. This was the first experimental study of small rodents based on in vivo images demonstrating these WMA. For this we took advantage of instrumentation allowing higher-resolution images that was not reported in other studies using the same experimental model. 12, 13, 25 Histological analysis based on systematic sampling of LV walls to permit a topographic correlation with the wall motion derangements revealed a greater intensity of inflammation and a larger volume of interstitial and perivascular fibrosis in segments with altered parietal mobility compared to segments with normal wall motion. However, it should be emphasized that the fibrosis found was only mild, not exceeding 10% of the myocardial area and producing no areas of coalescent fibrosis; also, the fibrotic process was not sufficient to have a transmural extension of the ventricular wall that might indicate its direct participation in the reduction of parietal mobility of the segments involved. Thus, the histological analysis suggests that inflammation may be the main component of tissue injury and be more directly involved in the genesis of regional contractile dysfunction in this model of CCC. This concept is additionally supported by the observation that individual LV wall motion score and LVEF values were significantly and independently correlated with a higher intensity of myocardial inflammation. Overall, these results also indicate that the detection of changes in LV regional mobility in animals with still-preserved global function identifies animals exhibiting myocardial damage of a basically inflammatory nature.
Even though this aspect has not been specifically addressed by our study, it is relevant to consider that myocardial perfusion disturbances secondary to microvascular disease could also take part in the pathogenic mechanism causing the regional LV systolic dysfunction in this CCC model. 6, 7 To the best of our knowledge, this is the first experimental study addressing the investigation of the histopathological injuries underlying WMA in CCC. Only one previous study, in rabbits chronically infected with the T. cruzi, described LV regional WMA using x-ray contrast ventriculography, but the histopathological analysis showing myocytolytic necrosis, inflammation, and fibrosis was not topographically correlated with those wall motion disturbances. 26 
Topography of the Changes in LV Segmental Parietal Mobility
The present findings agree with data frequently reported in the echocardiography evaluation of patients in the early phases of development of myocardial dysfunction due to CCC, with dyssynergy of the apical region being the most common finding, involving up to 64% of the patients. 16 We also detected WMA in the inferior and posterolateral segments of our animals, again similarly to what is seen in humans, affecting about 30% of all patients. 27, 28 The fact that the same myocardial regions are affected both in hamsters and in humans is a considerably intriguing finding whose mechanisms are still unknown.
Implications Regarding CCC in Humans
The present experimental results showing the high incidence of WMA are similar to the reports of various clinical studies showing that regional contractile dysfunction is a characteristic and quite common finding in human CCC, ranging in incidence from 8.5% to 64% in the various series reported in the literature. 16 The importance of the detection of these regional changes in contractile function is related to what has been shown in clinical studies of patients with areas of regional dyssynergy who have a more marked progression of global LV dysfunction on a medium-term basis compared to patients with CCC without these changes. 17 In addition, the presence of areas of LV dyssynergy is independently correlated with the incidence of LV mural thrombus and is significantly associated with the incidence of cardiovascular events during clinical follow-up. [29] [30] [31] Autopsy studies have shown that the typical aneurysms found in patients with CCC consist of areas of transmural fibrosis and LV wall thinning both in the apical and the posterolateral regions. 32 Based on these observations, the classical concept was formulated that changes in wall motion represent areas with varying degrees of regional parietal fibrosis. However, no study has addressed the histological substrate associated with regions of less severe dyssynergy such as hypokinesis in patients in the earlier stages of development of myocardial disease with still-preserved LV systolic function. More recently, clinical studies using cardiac magnetic resonance have shown an association between the presence of delayed paramagnetic contrast enhancement, which identifies regions of myocardial fibrosis, with areas of LV wall contractile dyssynergy. 33, 34 However, these results also indicate that a relevant proportion of dyssynergic segments were not associated with the presence of delayed enhancement. In a study investigating 67 patients with CCC and various degrees of LV involvement, Regueiro et al detected WMA in 143 myocardial segments, with delayed contrast enhancement occurring in only 93 segments, thus indicating that 35% of the dyssynergic segments showed no detectable LV parietal fibrosis. Scintigraphic studies using severe reduction of thallium uptake as a tool for the identification of regional myocardial fibrosis have also shown that 49% of the dyssynergic segments occur in regions with no defective uptake of the tracer. 35 Taken together, these results and those from our present study suggest that other mechanisms may be associated with the development of WMA in addition to regional fibrosis. Thus, it is plausible to assume that our experimental results showing that wall motion changes are closely related to the inflammatory damage could be extrapolated to the clinical scenario, and support the hypothesis that myocarditis may be a relevant mechanism causing impaired LV wall motion in humans with early stages of CCC development of myocardial disease despite still-preserved global LV systolic function. One possible corollary is that the control of myocardial inflammation, by using anti-inflammatory drugs, may reduce progression of ventricular dysfunction. On the other hand, since myocarditis is mostly related to parasite persistence, this might have relevant implications regarding the possibility that trypanocidal therapy may benefit patients with early stages of CCC. 36 
Conclusions
Isolated WMA in animals with preserved global systolic LV function are frequently found in Syrian hamsters with experimental CCC whose underlying histopathological lesions are mainly of an inflammatory nature. The topographic distribution of these regional contractile disturbances was similar to that observed in human patients with CCC (ie, are predominant in the apical, inferior, and posterolateral LV segments).
These findings are consistent with the hypothesis that WMA in human CCC may also have an inflammatory basis and not be exclusively due to irreversible fibrotic lesions. 
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